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Activities of 11 enzymes were measured on samples collected from two
agricultural research sites. At the Vegetable Cover Crop/Crop Rotation Plots (VRP)
(North Willamette Research and Extension Center, Aurora, OR), summer crops rotate
between sweet corn and broccoli. There are three winter vegetative management
treatments: (1) cereal rye cover crop (Seca le cereale L. var. Wheeler), (2) legume [cereal
rye/Austrian winter pea mix (Pisium sativum L.) or red clover (Trifolium pratense L.)]
cover crop, and (3) fallow. The fourth treatment is continuous fescue (Festuca
arundinacea). The second site was the Residue Utilization Plots (RUP) (Columbia Basin
Agricultural Research Center, Pendleton, OR). Since 1931, winter wheat has beengrown
in rotation with summer fallow. The residue treatments are: (1) straw (N), (2) straw
plus 90 kg N ha-' (N90), (3) straw plus pea vine (PV), and (4) straw plusmanure (MAN).
Soil also was sampled at the research center from a grass pasture (PAS) that containsno
experimental variables. The 11 enzymes were a- and B-glucosidase, a- and B-
galactosidase, amidase, arylsulfatase, cellulase, deaminase, fluorescein diacetate
Redacted for Privacyhydrolysis (FDA), invertase, and urease. For the aggregate study, soil was sieved into
five aggregate size fractions: <0.25, 0.25-0.50, 0.50-1.00, 1.00-2.00, and 2.00-5.00 mm.
The objectives of this study were to: 1) determine the effects of field management
of soil enzyme activity, 2) evaluate if differences in enzyme activities across treatments
could be detected using both field-moist and air-dried soil samples, 3) studythe seasonal
dynamics of aggregate size distribution and how this was affected by organicinputs, 4)
measure enzyme activities as a functionof aggregate size, and 5) develop a method to
thermally stress soil enzymes to determine the effects of organic amendmentsand cover
cropping on enzyme stability. We determined that 1) soil enzymes weresignificantly
affected by agricultural management practices and that differences potentiallycould be
detected using field-moist and air-dried samples, 2) cover cropping did not have a
significant effect on aggregate size distribution, 3) there were significantdifferences in
enzyme activities between the aggregatesize classes, and 4) the effects of cover cropping
on the thermal stability of enzymescould not be determined using our methods.© Copyright by Anna Katrina Bandick
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Chapter 1. INTRODUCTION
BACKGROUND AND RATIONALE
Soil is a vital natural resource currently without comprehensive standards of
quality. Water and air quality standards are established, but several factors make soil
quality more difficult to define, measure, and regulate. Soils are inherently variable. It
would be difficult to establish a single biological or chemical measurement that could
adequately reflect soil quality without taking into consideration the factors affecting the
formation of a given soil.
Enzymes catalyze all biochemical reactions and are an integral part of nutrient
cycling in the soil. They have been suggested as potential indicators of soil quality
because of their relationship to soil biology, ease of measurement, and rapid response to
changes in soil management (Dick, 1994). A wide range of enzymes has not been
investigated for the potential to reflect short- and long-term soil management effects.
Soil enzymes can exist both within a live cell or complexed extracellularly in the
soil matrix. Extracellular enzymes are those originally located on the cell surface or
actively excreted from living cells (Burns, 1982). Enzymes can be stabilized in two
locations in the soil: adsorbed to internal or external clay surfaces, and complexed with
humic colloids through adsorption, entrapment, or copolymerization (Boyd and Mort land,
1990). Previous work has shown that enzymes introduced into a soil become stabilized
and acquire a higher thermal stability than enzymes in pure solution (Zvyagintsev et al.,2
1987). There has been little investigation into the relationship between agricultural
management and enzyme stabilization.
Soil structure is defined as the arrangement of particles and pores in the soil
(Oades, 1993). In order to characterize soil structure, it is necessary to assess the size
distribution of primary particles and the size, shape and arrangement of the aggregates
they form. The stability and dynamics of these aggregates also must be considered. This
dynamic component is a function of soil biology, as well as physical processes such as
wetting and drying and freezing and thawing cycles.
Jastrow and Miller (1991) outlined the reciprocal relationship between soil biota
and soil structure and aggregation. Soil biota is a key component controlling the
development and stabilization of soil structure, but at the same time soil biota is affected
by the microenvironment created by aggregation. The study of soil enzymes is an
approach to gaining an understanding of the relationship between microbial activity and
soil aggregation.3
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Chapter 2. LITERATURE REVIEW
SOIL ENZYMES
Soil enzymes are believed to be primarily of microbial origin (Ladd, 1978) but
also originate from plants and animals (Tabatabai, 1994). They are associated with viable
proliferating cells and also can exist extracellularly. Extracellular enzymes can either be
excreted from a living cell or released into soil solution from dead cells (Tabatabai,
1994). The free enzymes are complexed with humic colloids and stabilized on clay
surfaces and organic matter (Boyd and Mort land 1990).
Enzyme Assays
Because there has been limited success at extracting enzymes from the soil,
enzyme activities in soils are evaluated by measuring the ratesof reaction in a soil sample
(Tabatabai, 1994). The general approach is to add substrate to a known amount of soil
and measure the amount of product formed in a given time period. This is done under
controlled and optimized conditions of temperature, pH, and ionic strength (Tabatabai,
1994). Because optimal conditions are used, including a system saturated with substrate,
enzyme activities are operationally defined and a measureof potential activity rather than
in situ rates (Dick, 1994).
Enzyme Response to Agricultural Inputs
In the case of invertase, cellulase, and amylase, Pancholy and Rice (1973a,b)
found the type of organic matter influenced activity more than the quantity of organic5
matter. Other studies reported that ryegrass residue contains enzymes (phosphatase,
urease, and protease) (Nannipieri et al., 1983), and that the rhizosphere of legumes shows
increased enzyme activity (Burns, 1978). This suggests that there may be qualities unique
to each cover crop that increase the activity of specific enzymes.
Eivazi and Tabatabai (1990) reported glucosidase and galactosidase activities to
be significantly and positively correlated with organic-C content. Dick et al. (1988)
showed that amidase and urease activity decreased with increasing application of
ammonia-based N fertilizer. They hypothesized that the addition of the end product of
the enzymatic reaction (NH4+) suppressed enzyme synthesis. Green manures, crop
residues and animal manures (Verstraete and Voets, 1977; Martens et al., 1992) can
significantly increase soil enzyme activities.
Stability of Extracellular Enzymes
Nearly all extracellular enzymes are associated with the clay mineral and humus
fractions in the soil (Boyd and Mort land 1990). Stability, pH optimum, activity, and
kinetics of the enzymes are altered by adsorption onto clay minerals. The stability of
enzymes in soil has been attributed to enzyme association withorganic matter and the
protection provided by being located within a soil aggregate (Boyd and Mort land, 1990).
Adsorption onto clays also can affect the vulnerability of an enzyme to
proteolysis. Pettit et al. (1976) and McLaren and Pukite (1975) reported that the
association of urease with soil and humus protects the enzyme from proteolysis.
Reduction in proteolysis has been reported by several other researchers (Ensminger and6
Gieseking, 1942; Estermann et al., 1959). The ability of smectite to protect against
hydrolysis was attributed to the increased difficulty of forming clay-substrate-enzyme
complexes with interlayer proteins (Estermann and McLaren, 1959).
Boyd and Mort land (1985) showed that urease could by adsorbed to a clay-organic
complex (HDTMA-smectite) by hydrophobic bonding. The immobilized urease showed
decreased thermal stability and resistance to proteolysis. Sundaram and Crook (1971),
however, reported that urease adsorbed on kaolinite did not decrease in thermal stability.
After observing adsorption to increase proteolysis, Boyd and Mort land (1990) suggested
that clays could aid in the joining of enzyme and substrate, but alternatively decrease
substrate availability and/or the activity of the proteolysing enzyme.7
SOIL AGGREGATION
Soil structure is defined as "the size and arrangement of particles andpores in
soils" (Oades, 1984). Soil aggregates are primary particles bound together into structural
units. The current idea of aggregate hierarchy in soils has been the basis for a number of
recent studies on soil aggregation (Cambardella and Elliott, 1993; Degens et al., 1994;
Gupta and Germida, 1988).
The hierarchical nature of aggregates was proposed by Tisdall and Oades (1982).
Their model, based on grassland soils, suggested that primary particles (sand, silt, clay)
are combined to form microaggregates which can then form macroaggregates. They
suggested setting 250 pm as the division between micro- and macroaggregates. Their
rationale behind this division was based on differences in binding agents and aggregate
stability found in these two size groups. The microaggregates were bound together
mainly by organo-mineral complexes and polysaccharides and found to be stable against
rapid wetting and mechanical disturbance. Macroaggregates were stabilized by roots and
hyphae and their stability affected by agricultural management (Tisdall and Oades, 1982).
The hierarchical organization of soil aggregate structure (Tisdall and Oades, 1982;
Oades and Waters, 1991), and the subsequent protection that this structure provides is
thought to be a major factor affecting organic matter turnover in soil. Jastrow and Miller
(1991) outlined the reciprocal relationship between soil biota and soil structure and
aggregation. Soil biota is a key component controlling the development and stabilization
of soil structure, but at the same time soil biota is affected by the microenvironment
created by aggregation. The role of fungal mycelium in promoting aggregate formation8
has been discussed by Tisdall and Oades (1982), Metzger et al. (1987), and Gupta and
Germida (1988).
Aggregate size distribution is know to be affected by soil texture (Chepil, 1953;
Lyles and Woodruff, 1960), CaCO3 content (Chepil, 1954a), and organic-matter content
(Chepil, 1955). Other dynamic factors such as crop rotation, tillage, and climate
conditions also affect aggregation.
Crop Rotation
Angers (1992) studied the effects of corn, alfalfa, and fallow treatments on soil
aggregation. Data from the site, which previously had been cropped with small grains,
showed an increase in the mean weight diameter (MWD) of aggregates three years after
changing to an alfalfa crop. Mean weight diameter of aggregates from the corn and
fallow treatments were not significantly affected. A later study on a similar soil (Angers
et al., 1993b) showed that a 2-y barley/red clover rotation did notaffect aggregation as
compared to continuous barley. Miller and Dick (1995) reported a red clover seed
crop/vegetable crop rotation compared to a winter fallow/vegetable crop rotation showed
a significant increase in macroaggregation. In this case, the presenceof a legume for long
periods (one and a half years) between vegetable crops appears to be effective at
promoting aggregation.9
Tillage
Gupta and Germida (1988) reported a higher concentration of microaggregates in
a cultivated versus native soil, which they attributed to a decline in aggregatestability.
Furthermore, they attributed the decreased aggregate stability to the decline in microbial
biomass and the loss of fungal biomass. Cambardella and Elliott (1993) reported greater
aggregate stability and macroaggregate structure in no-tillage versus plowed or subtilled
soil.
In the study by Angers et al. (1993b), tillage practice was found to have a
significant effect on aggregate stabilization and size distribution. No-tillage treatment
soils had greater water-stable aggregation than either chisel or moldboard plow
treatments. At the end of the 4-y study, the no-tillage treatment also had 50% more
aggregates in the largest size fraction (2-6 mm) than the chisel or moldboard plow
treatments. Zobeck and Popham (1990) reported lister, chisel, and tandemdisk
treatments to have smaller aggregates compared to a moldboard plow treatment.
Seasonal Effects
Perfect et al. (1990) found that structural stability, as measured by dispersible clay
and wet aggregate stability, decreased over the summer months in legume, grass, and corn
cropping systems. They also reported that for samples taken over the growing season,
gravimetric water content at the time of sampling was the key variable affecting wet
aggregate stability. Structural stability decreased with increasing water content.Freezing10
and thawing also has been shown to produce temporal variability in aggregate size
distribution (Anderson and Wendhardt, 1966; Bisal and Nielsen, 1967; Chepil, 1954b).11
SOIL QUALITY
Soil is a vital natural resource currently without comprehensive standards of
quality. Soil quality was defined by Doran and Parkin (1994) as follows: "The capacity
of a soil to function within ecosystem boundaries to sustain biological productivity,
maintain environmental quality, and promote plant and animal health." Recently there
has been increased interest in developing a means of evaluating soil health (Haberern,
1992). The difficulty of this task is recognized (Papendick and Parr, 1992) and attributed
to natural variation among soils and the multiple functions of a soil. Soil enzymes have
been suggested as potential indicators of soil quality because of their relationship to soil
biology, ease of measurement, and rapid response to changes in soil management (Dick,
1994). Such an index would integrate chemical, physical, and biological parameters and
be used to monitor the effects of soil management on long-term productivity.
Cover Crops and Animal Manures
Before World War II, legume cover crops commonly were used as a source of N.
Fertilizer N became inexpensive after the war, and cover cropping became less common
(Blevins et al., 1990). Recently there has been renewed interest in this practice. Cover
crops also can reduce erosion, improve water-holding capacity and improve weed control
(Rodgers and Giddens, 1957; Blevins et al., 1990). The use of cover crops and the
addition of animal manures also can benefit soil productivity by increasing inputs of
organic matter. Some of the benefits of organic matter listed by Tisdale et al. (1993) are
that it:1) stores nutrients, 2) increases exchange capacity, 3) fuels microbial activity, 4)12
increases water-holding capacity, 5) stabilizes structure, 6) improves tilth, and 7)
increases buffering capacity.
A legume cover crop also adds N to the system and provides N for the subsequent
summer crop. Angers et al. (1993a) reported significantly higher (P<0.05) microbial
biomass C in soils from a red clover/barley rotation compared to continuous barley. Soil
physical properties also can be affected by legumes. McVay et al., 1989 reported that
legume cover crops contributed to improvements in water-stable aggregate (WSA) size
and infiltration rate.
Tillage
Tillage affects soil productivity by contributing to the oxidation of organic matter
(Tisdale et al., 1993). Cultivation has been shown to decrease organic matter content,
microbial biomass content, and nutrient status (Gupta and Germida, 1988). The effects of
tillage often are reflected in enzyme activities. Previous studies have shown enzyme
activity to be higher in soils from grasslands compared to those from cultivated fields. A
comparison of two soils, one from grassland and one from 69 y of cultivation (Gupta and
Germida 1988), showed that phosphatase and arylsulfatase activities were decreased by
49% and 65%, respectively, in soils under cultivation. Dick (1984) reported that the
activities of acid phosphatase, alkaline phosphatase, arylsulfatase, invertase, amidase, and
urease in the top 7.5 cm of soil were higher in no-tillage thanconventional tillage fields.
Other studies (Klein and Koths, 1980; Doran, 1980; Angers et al. 1993a) also report
higher enzyme activities in conservation over conventional tillage soils.13
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Chapter 3. FIELD MANAGEMENT El-Pt,CTS ON SOIL ENZYME ACTIVITIES
SUMMARY
Activities of ten enzymes were measured on samples collected from two
agricultural research sites. The four treatments at the first site, the Vegetable Cover
Crop/Crop Rotation Plots (VRP) at the North Willamette Research and Extension
Center in Aurora, Oregon, were established in 1989. A crop rotation alternates between
sweet corn and broccoli and includes three winter vegetative management treatments:
(1) cereal rye cover crop (Seca le cereale L. var. Wheeler), (2) legume [cereal
rye/Austrian winter pea mix (Pisium sativum L.) or red clover (Trifolium pratense L.)]
cover crop, and (3) fallow. The fourth treatmentis continuous fescue (Festuca
arundinacea). The second site was the Residue Utilization Plots at the ColumbiaBasin
Agricultural Research Center, Pendleton, Oregon. Since 1931, winter wheat has been
grown in rotation with summer fallow.The residue treatments are: (1) straw, (2)
straw plus 90 kg N ha-1, (3) straw plus pea vine, and (4) strawplus manure. Soil also
was sampled at the research center from a grass pasturethat contains no experimental
variables. The ten enzymes were a- and B-glucosidase, a- and B-galactosidase, amidase,
arylsulfatase, deaminase, fluorescein diacetate hydrolysis, invertase, and urease. At
both sites there was a significant treatment effect for each enzyme tested (P <0.05).
Several trends in enzyme activity were observed in this investigation. Enzymeactivities
were generally higher in grass fields thanin cultivated fields. Exceptions were the
activities of a-and B-glucosidase and a-and B-galactosidase, which were highestin the18
cover crop plots at the VRP. In cultivated systems, activity was higher where cover
crops or organic residues were added as compared to inorganic fertilizer alone. Using
cellulase and the above ten enzymes, preliminary work suggested that differences in
enzyme activities across treatments could be detected using both field-moist and air-
dried soil samples.19
INTRODUCTION
Soil is a vital natural resource currently without comprehensive standards of
quality. Water and air quality standards are established, but several factors make soil
quality more difficult to define, measure, and regulate. Soils are inherently variable. It
would be difficult to establish a single biological or chemical measurement that could
adequately reflect soil quality without taking into consideration the factors affecting the
formation of a given soil (Doran and Parkin, 1994). The maintenance of soil organic
matter is considered beneficial for agricultural purposes and would be alikely measure
of soil quality, but optimal levels of organic matter vary with soil type and change too
slowly to reflect recent management history. Therefore, a soil quality index needs to
account for natural variation and be temporally responsive.Secondly, soil attributes
naturally vary over time; precipitation and temperature influence biologicalactivity and
contribute to marked seasonal fluctuations.
Soil quality was defined by Doran and Parkin (1994) as follows: "Thecapacity
of a soil to function within ecosystem boundaries to sustain biologicalproductivity,
maintain environmental quality, and promote plant and animal health." Recentlythere
has been increased interest in developing a means of evaluating soil health (Haberern,
1992). The difficulty of this task is recognized (Papendick and Parr, 1992)and
attributed to natural variation among soils and the multiple functions of a soil.Soil
enzymes have been suggested aspotential indicators of soil quality because of their
relationship to soil biology, ease of measurement, and rapid response tochanges in soil
management (Dick, 1994). Such an index wouldintegrate chemical, physical, and20
biological parameters and be used to monitor the effects of soil managementon long-
term productivity (Doran and Parkin, 1994).
Enzymes catalyze all biochemical reactions and are an integral part of nutrient
cycling in the soil. Soil enzymes are believed to be primarily of microbial origin (Ladd,
1978) but also originate from plants and animals (Tabatabai, 1994). They are associated
with viable proliferating cells and also can exist extracellularly. Extracellular enzymes
either can be excreted from a living cell or released into soil solution from dead cells
(Tabatabai, 1994). The free enzymes are complexed with humic colloids and stabilized
on clay surfaces and organic matter (Boyd and Mort land 1990).
Agricultural management practices affect the activity of soil enzymes (Dick,
1994). A wide range of enzymes has not been investigated for the potential to reflect
short- and long-term soil management effects. The objective of this study was to
determine the effects of fertilizer amendments and crop rotations on soil enzyme
activities. Based on previously published work, we hypothesized that cover cropping
and organic fertilizers would increase enzyme activities over systems with reduced C
inputs which had winter fallow seasons and inorganic fertilizers (Boltonet al.1985;
Martenset al.,1992; Goyalet al.,1993). We also hypothesized that continuous
grassland would have higher enzyme activities than cultivated fields because of
decreased tillage (Gupta and Germida, 1988; Klein and Koths, 1980) and a year-round
root system contributing to the rhizosphere effect (Bopaiah and Shetty, 1991). An
evaluation was made of the potential of enzymes to be used as part of an integrative
index of soil quality.21
A secondary objective of the study was to determine whether effects of
management practices on enzyme activities are detectable using either field-moist or air-
dried samples. Air-drying greatly facilitates soil sample processing and the use of this
pretreatment would encourage the adoption of soil enzyme activities as part of a soil
quality index. Therefore, it is of interest to determine whether the effects of field
management on enzyme activities are consistent between field-moist and air-dried soil
samples.MATERIALS AND METHODS
Sites
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The Vegetable Cover Crop/Crop Rotation Plots (VRP) at the North Willamette
Research and Extension Center, Aurora, Oregon were initiated in 1989 (Table 3.1). The
experimental design is a randomized complete block with four replications. The plots
are 18 m X 9 m. Field treatments include continuous fescue (Festuca arundinacea) for
grass seed production, which has most of the above ground biomass harvested every
July. These plots were fertilized with 155 kg ha-1 urea-N from 1989-92 and
subsequently left unfertilized. There are also three winter management systems in a
vegetable crop rotation that alternates between sweet corn (Zea mays L. cv. Jubilee) and
broccoli (Brassica oleracea L. var italica cv. Gem). The three winter treatments are:
(1) cereal rye cover crop (Seca le cereale L. var. Wheeler), (2) legume [cereal
rye/Austrian winter pea mix (Pisium sativum L.) or red clover (Trifolium pratense L.)]
cover crop, and (3) winter fallow. The vegetable crops are fertilized with urea-N at
1 rates of 224 kg ha for sweet corn and 280 kg ha for broccoli. The soil is a Willamette
silt loam (Pachic Ultic Argixeroll). The climate is Mediterranean and the mean annual
precipitation is 1040 mm. General soil characteristics are given in Table 3.2. Further
details of the treatment history are described by Burket et al., 1997.
The second site was the Residue Utilization Plots (RUP), established in 1931 at
the Columbia Basin Research Center, Pendleton, Oregon. Winter wheat is grown in
rotation with summer fallow on a Walla Walla silt loam (coarse-silty, mixed, mesic23
Typic Haploxeroll). The experimental design is an ordered block with two replications
consisting of 11 X 40 m plots. Because of the biennial cropping system, there are
adjacent duplicate sets of plots so that data can be collected each year. In the spring of
Table 3.1. Crop Rotations at the VRP
Winter Cover Crop
YearSeasonFescueFallow Cereal Legume
1989Fall FescueFallow Rye Rye/Pea
1990SpringFescueCorn Corn Corn
Fall FescueFallow Rye Rye/Pea
1991SpringFescueBroccoliBroccoli Broccoli
Fall FescueWheat Rye Rye/Pea
1992SpringFescueWheat Corn Corn
Fall FescueFallow Rye Relay Red Clover
1993SpringFescueBroccoliBroccoli Broccoli
Fall FescueFallow Rye Relay Red Clover
1994SpringFescueCorn Corn Corn
Fall FescueFallow Rye Relay Red Clover
Table 3.2. General characteristics of soils at the VRP. Soil samples taken Fall 1994
Winter Cover Crop
Soil characteristics Fescue Fallow Cereal Legume
Microbial Biomass C 182 at 140 a 177 a 158 a
(mg kg-i soil)
Organic Matter (%) ND 3.93 a 3.43 a 4.13 a
Total C (g kg -1 soil) 18.1 a 17.0 ab 15.6 b 16.4 ab
Total N (mg kg1 soil) 1140 a 971 b 947 b 1120 a
Total Exchange Capacity ND 15.6 a 15.2 a 15.0 a
(cmolc kg
1)
pH 5.88 a 5.75 a 5.83 a 5.90 a
t Means within a row followed by the same lower case letter are notsignificantly
different at P=0.10 LSD level.24
each fallow year, residue treatments are applied and the plots moldboard plowed toa
depth of 20 cm. The residue treatments are: (1) straw (No), (2) straw plus 90 kg N ha-1
(N90), (3) straw plus pea vine (PV), and (4) straw plus manure (MAN) (Table 3.3). Soil
also was sampled at the research center from a grass pasture (PAS) containing no
experimental variables and resembles virgin grassland. Further details of the treatment
history are described by Oveson (1966), Rasmussen et al. (1980), and Ball et al. (1994).
The climate is Mediterranean and the mean annual precipitation 416 mm. General soil
characteristics are given in Table 3.4.
Table 3.3. Residue Utilization Plots Management History (adapted from Rasmussen
et al. 1989)
Treatment CodeDescription of Residue Management' N applied per crop
kg ha yr-I
No Straw incorporated into the soil 0
N90 Straw incorporated into the soil 90 (34)
PV Straw plus 2.24 Mg ha-1 2yr-1 of pea vines 34 (40) §
incorporated into soil
MAN Straw plus 22.4 Mg ha-1 2yr-1 strawy 11111
manure incorporated into soil
t All treatments moldboard plowed 20 cm deep in late March or early April of the
fallow year. Pea vines and manure applied 1-3 days prior to plowing.
N rates changed in 1967, number in parentheses is for 1931-1966. N was applied in
the form of NaNO3 (1931-1935), Ca(NO3)2 (1936-1943), NRIS 04 (1944-1966) and
NH4NO3 (1966-present).
§ Pea vine input changed in 1950, prior to 1950 pea vines included pea seed, number
in parentheses. After 1950, pea vines included only vines and pods, N input based
on chemical analysis from 1976-1987.
11 Strawy manure N input based on chemical analysis from 1976-1987.25
Table 3.4. General characteristics of soils at the RUP. Soil samples taken Fall 1994
Soil characteristics No N90 PV MAN PAS
Microbial Biomass C (mg
kg"' soil)
47.2 abt98.3 ab108 ab119 a 14.2 b
Organic Matter (%) 2.25 d 2.65 be 2.35 cd2.95 b 3.80 a
Total C (g kg-I soil) 9.2 d 11.2 c 11.5 c 14.5 b 18.6 a
Total N (mg kg-1 soil) 659 d 718 cd 805 c 1030 b 1390 a
Total Exchange Capacity
(cmolc kg-1)
pH
18.4 c
6.40 b
18.0 c
5.95 c
19.8 b
6.40 b
20.3 ab
7.00 a
21.2 a
7.15 a
t Means within a row followed by the same upper case letter are not significantly
different at P=0.10 LSD level.
Soil
Soil was collected in fall of 1994 and 1995 and in spring of 1996 to a depth of
20 cm. Ten cores from each plot were composited, and a subsample was kept for
analyses. All samples were sieved through a 2-mm sieve. Half of each sample was kept
field-moist in a cooler at 4°C and half was air-dried and stored at room temperature.
Laboratory Analyses
Activities of arylsulfatase, amidase, urease, a- and B-glucosidase and a- and B-
galactosidase were determined as described by Tabatabai (1994) with the following
adaptations. No toluene was used in the arylsulfatase, a- and 13-glucosidase and a- and
B-galactosidase assays because of the short incubation times (< 2 h). For amidase, 1 g
of soil; 1.8 mL 0.1 M tris(hydroxymethyl)aminomethane (THAM) buffer, pH 8.5; and26
200 pL 2% formamide were incubated in 50-mL Erlenmeyer flasks at 37°C for 2 h. The
reaction was stopped by the addition of 10 mL 2.5 M KC1-Ag2SO4. Ammonia-N was
determined by steam distillation using a 5-mL aliquot. Invertase activity was
determined as described by Schinner and von Mersi (1990) with modifications by
Gander et al. (1994). Cellulase activity was determined in the same way asinvertase,
with the following exceptions: incubation was for 24 h with 67mM acetate buffer, and
the soil/buffer/cellulose solution was not diluted. Deaminase activity wasdetermined as
described by Killham and Rashid (1986). FDA hydrolysis was determined by a
modified procedure described by Zelles et al. (1991) where 1 g of soil and 20 mL60
mM sodium phosphate buffer (pH 7.6) were placed in a 125-mL Erlenmeyerflask and
shaken at 100 rpm on a rotary shaker at 25°C. After 15 minutes, 100 pL FDAsolution
(4.8 mM_) were added and the suspension was shaken for anadditional 1.75 h. The
reaction was stopped by addition of 20 mL acetone. The suspension wascentrifuged for
5 min at 4300 xg and filtered through Whatman No. 4 filters;absorbance of the filtrate
was measured with a visible lightspectrophotometer at 499 rim.
Results of enzyme activities are reported on an oven-thy-weightbasis,
determined by drying the soils for 24 hours at 105°C. With theexception of cellulase,
the 11 assays were done on the air-dried samples from the Fall1994 sampling of the
VRP and RUP plots. For the moisture study, all 11 assays weredone on both the field-
moist and air-dried samples from the MAN and N90 treatmentsof the RUP sampled in
the Spring of 1994. Three analytical replicates were used per sample.27
Microbial biomass C was determined by the chloroform-fumigation incubation
method. The original procedure of Jenkinson and Powlson (1976) was modifiedas
follows. Soil (12 g fresh weight) was weighed into glass scintillation vials. The vials
were placed in a desiccator with a wet paper towel and a 50-mL beaker containing 40
mL of ethanol-free chloroform and a few glass beads. The desiccator was evacuated
and the soil exposed to chloroform vapors for 24 h. Evolved CO2 was measured with a
gas chromatograph.
Total organic C was determined by dry combustion with a Dohrman DC-80 total
C analyzer (Santa Clara, CA). Total soil N was determined using the Kjeldahl method
(Bremner and Mulvaney, 1982). Samples were sent to Brookside Laboratories (New
Knoxville, OH) for determination of percent organic matter (by combustion), cation
exchange capacity (with ammonium acetate extraction and spectrophotometric
determination of NH4+) and pH (with electrode in a 1:1 soil:water solution).
Statistical Analysis
The VRP data were analyzed using an ANOVA structure for a randomized
complete block. Main effect means were separated using LSD at the P= 0.05 level. For
the RUP data, the ANOVA structure assumed a randomized complete block design.
However, treatments within the two blocks were ordered rather than randomized when
the plots were established and the pasture, not part of the original experimental design,
was physically separated from the RUP. Therefore, to determine if enzyme activities in
the pasture treatment were statistically different from those of the RUP, an ANOVA was28
done using data from all treatments and assuming the pasture was part of the original
experimental design. After this was done, data from the pasture treatment were
removed and a second ANOVA was done to evaluate differences among the four
treatments of the RUP. Main effect means were separated with LSD atthe P= 0.05
level. Data were analyzed using SAS statistical software package (SAS Institute,Cary,
NC).RESULTS
VRP
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With the exception of arylsulfatase, the activity of all enzymes in soil from the
VRP was lowest in the winter fallow treatment (Table 3.5). The four glucosidases and
galactosidases had the highest activity in the soils with cover crops, followed by the
fescue and then the winter fallow treatments. The activity of these four enzymes was
statistically lower in the winter fallow versus the cereal treatment soils. The activity of
amidase, arylsulfatase, deaminase, FDA, invertase, and urease in the fescue treatment
was statistically greater than or equal to the activity in theother treatments.
Table 3.5. Treatment responses for enzyme activities from the Fall 1994
sampling at the VRP
Enzyme Fescue
Winter Cover Crop
Fallow Cereal Legume
a-Galactosidaset 18.3 bt 14.5 b 32.2 a 20.2 b
a-Glucosidaset 12.5 ab 10.9 b 14.0 a 13.6 a
13-Galactosidaset 16.0 a 12.3 b 17.4 a 17.8 a
B-Glucosidaset 58.1 b 53.4b 79.9 a 80.7 a
Amidase§ 101 a 74.5 b 80.1 ab 85.7 ab
Arylsulfataset 58.5 a 34.4 ab 12.8 b 33.8 ab
Deaminase'll 408 a 392 b 405 ab 410 a
FDA# 40.4 a 27.9 c 32.6 be 33.4 b
Invertaset t 1390 a 1050 b 1410 a 1350 a
Urease§ 110 a 81.1 b 111 a 104 ab
t The units of activity are reported as pg p-nitrophenol releasedg-1 soil III
t Values within a row followed by different letters are significantly
different at the 0.05 probability level.
§ pg NH4+ released g-1 soil til
¶ pg 1,2 diamino-4-nitrobenzene deaminatedg-1 soil 18 III
# pg fluorescein released g' soil tit
tt lig glucose released g-1 soil 3h-130
RUP
The PAS treatment had significantly higher enzyme activities with the exception
of deaminase, which was statistically the same in the PAS, MAN,and PV treatments.
All ten enzyme activities were higher in the MAN and PV treatmentsthan the No or N90
treatments (Table 3.6). A comparison of two ofthe agricultural soils, one with high
organic inputs (MAN) and one with high inorganic inputs (N90)showed significantly
higher activity in the manure-treated soil (alpha<0.05) in sixof the ten enzymes. These
enzymes were a-glucosidase,amidase, arylsulfatase, deaminase, invertase, and urease.
Table 3.6. Treatment responses for enzyme activitiesfrom the Fall 1994 sampling at
the RUP
Enzyme N0 N90 PV MAN PAS
a-Galactosidaset 4.814 7.5 b 7.9 a 8.0 a 25.7
a-Glucosidase 6.8 b 7.0 b 9.7 a 10.0 a 21.7
B-Galactosidase 6.8 a 7.6 a 8.7 a 9.3 a 24.8
B-Glucosidase 41.7 c 45.9 be 76.4 a 68.2 ab 202
Amidase 166 b 149 b 208 a 221 a 311
Arylsulfatase 14.9 c 15.5 c 25.6 b 39.0 a 86.2
Deaminase 433 a 422 a 451 a 454 a 475
FDA 11.3 b 15.6 ab 17.7 ab 23.6 a 40.5
Invertase 1020 b 972 b 1630 a 1450 a 3130
Urease 59.1 c 39.3 d 102 b 130 a 271
f Units of activity same as in Table 5.
1 Values within a row followed by different letters aresignificantly different at the
0.05 probability level (pasture treatment not includedin treatment means separation).31
Effect of Air-Drying
The activities of 11 enzymes were measured on soils from the first field
replication of the N90 and MAN treatments at the RUP. This was done onboth field-
moist and air-dried samples (Table 3.7). Of these 11 enzymes,B-glucosidase, a-
glucosidase, arylsulfatase, FDA, and amidase activity in each treatment wasdecreased
by approximately the same absolute amount during theair-drying process. With the
exception of urease, all enzymes from both treatmentsshowed higher activity in the
field-moist than in the air-dried sample. Urease activity inthe MAN treatment was
higher in the air-dried than in the field-moist sample.Cellulase and B-galactosidase
activities in the air-dried samples were higher in the MANthan the N90 treatment, but in
the field-moist samples were lower in the MANthan in the N90 treatment. All other
enzymes showed both higher activityin the field-moist than in the air-dried samples and
higher activity in the MAN than in the N90. B-Glucosidaseactivity was measured on all
five treatments of the second field replication at the RUP(Table 3.8). Activity in all
treatments decreased slightly with air-dryingand, for both moisture levels, activity
showed the same relative trends among treatments: N0<1190 < MAN < PV < PAS.32
Table 3.7. Comparison of enzyme activities in field-moist and air-dried samples from
the first field replication of the N90 and MAN treatments, Spring 1994 sampling
No MAN
Enzyme field-moist air-dried field-moist
a-Galactosidaset 11.7 (1.7) f 8.5 (0.9) 12.4 (0.9)
a-Glucosidase 9.0 (0.6) 7.2 (1.7) 13.1 (1.1)
B-Galactosidase 12.1 (0.7) 8.7 (1.0) 11.7 (0.2)
B-Glucosidase 48.3 (1.0) 44.1 (0.5) 71.7 (1.5)
Amidase 139 (9.5) 134 (9.7) 212 (15.8)
Arylsulfatase 13.8 (0.5) 12.4 (0.2) 32.6 (1.3)
Cellulase 93.5 (33.3) 34.8 (4.0) 83.3 (14.9)
Deaminase 474 (5.0) 458 (17.8) 510 (5.4)
FDA 25.3 (1.3) 16.9 (1.1) 32.6 (1.3)
Invertase 837 (53.8) 833 (155.0) 1560 (181.6)
Urease 14.3 (1.9) 12.2 (0.9) 22.2 (1.8)
t Units of activity same as in Table 5.
24 III.
$ Numbers in parentheses indicate sample standard errors of three
air-dried
12.0 (1.6)
10.1 (0.3)
10.7 (0.6)
69.4 (3.4)
204 (21.1)
32.1 (0.7)
52.1 (4.2)
447 (3.7)
24.8 (1.0)
1260 (27.2)
26.8 (6.4)
Cellulase in units of lig glucose released g- soil
analytical replicates.
Table 3.8. Comparison of B-glucosidase activity in air-dried and
field-moist samples from the second field replication at the RUP,
Spring 1994 sampling
Treatment code
Moisture level
field-moist air-dried
Not 55.8 (1.0)
N90 58.6 (0.8)
MAN 78.8 (6.5)
PV 86.9 (2.8)
PAS 293 (10.6)
t Units of activity same as in Table 5.
50.4 (0.3)
50.8 (2.1)
69.6 (2.2)
85.1 (9.1)
253 (19.1)
$ Numbers in parentheses indicate sample standard errors of three
analytical replicates.33
DISCUSSION
Treatment Effects
Several trends in enzyme activity were observed in this investigation. Enzyme
activities were generally higher in continuous grass fields than in cultivated fields.
Exceptions to this were the activities of a-and B-glucosidase and a-and B-galactosidase,
which were highest in the cover crop plots at the VRP. In cultivated systems, cover
crops and the addition of organic residues increased activity above levels when
inorganic fertilizer alone is used.
Factors contributing to the higher activities in the PAS and fescue treatments
may include the absence of tillage and the rhizosphere effect. Previous studies also
have shown enzyme activity to increase in soils from grasslands over those from
cultivation. A comparison of two soils, one from grassland and one from 69 y of
cultivation (Gupta and Germida 1988), showed that phosphatase and arylsulfatase
activities were decreased by 49% and 65%, respectively, in soils under cultivation.
Dick (1984) reported that the activities of acid phosphatase, alkaline phosphatase,
arylsulfatase, invertase, amidase, and urease in the top 7.5 cm of soil were higher in no
tillage than conventional tillage fields. Other studies (Klein and Koths, 1980; Doran,
1980; Dick, 1984; Angers et al. 1993) also report higher enzyme activities in
conservation compared to conventional tillage soils.
The rhizosphere is known to be a zone of increased microbial and enzyme
activity. The year-round presence of vegetation and the extensive root system of grasses34
may increase the rhizosphere effect in the fescue and PAS treatments. Bopaiah and
Shetty (1991) found urease activity to be higher in the rhizosphere of coconut, cacao and
pineapple crops than in the surrounding root region. The rhizosphere effect and lack of
tillage probably contribute to consistently higher enzyme activities measured in
grasslands over comparable cultivated soils.
Both soils under cover crops showed higher a- and B-glucosidase and a- and B-
galactosidase activity than either the fescue or winter fallow treatments. The activity of
B-glucosidase, the dominant of these four enzymes, was significantly higher in the
legume and cereal treatments. The response of these enzymes to the cover crops may be
specific to the cereal and clover organic material or due to the general increase of C
inputs and subsequent stimulation of microbial activity.
In the case of invertase, cellulase, and amylase, Pancholy and Rice (1973a,b)
found the type of organic matter influenced activity more than the quantity of organic
matter. Other studies reported that ryegrass material contains enzymes(phosphatase,
urease, and protease) (Nannipieri et al., 1983),and that the rhizosphere of legumes
shows increased enzyme activity (Burns, 1978). This suggests that there may be
qualities unique to each cover crop that increase the activity of specific enzymes.
Eivazi and Tabatabai (1990) reported glucosidase and galactosidase activities to
be significantly and positively correlated with organic-C content. Thesedata support a
more general theory of enzyme activity increasingwith organic inputs, regardless of the
source. Our data from the VRP show (Table 3.9)B-galactosidase and a-glucosidase
significantly correlated with total C, but B-glucosidase and a-galactosidase poorly35
correlated with total C. At the RUP, these four enzymes were all significantly (P<0.01)
correlated with total C.
Table 3.9. Pearson correlation coefficients (r) for association between glycosidase
activities and total C
a-Glucosidasea-GalactosidaseB-GlucosidaseB-Galactosidase
VRP 0.51t 0.15 0.28 0.63*
RUP 0.92f 0.89f 0.89f 0.90f
t Significant at P<0.05.
T Significant at P<0.01.
Dick et al. (1988) showed that amidase and urease activity decreased with
increasing application of ammonia-based N fertilizer. They hypothesized that the
addition of the end product of the enzymatic reaction (NH4+) suppressed enzyme
synthesis. Our measurements of amidase and urease activities in the No and N90
treatments at the RUP were consistent with this trend (Table 3.6).
We found arylsulfatase activity in soil from the MAN and PV treatments at the
RUP to be significantly higher than in soil from the inorganic amendment treatments.
Arylsulfatase catalyzes the hydrolysis of ester sulfate bonds. Castellano and Dick
(1988) estimated biennial inputs of ester sulfate to the four agricultural treatments at the
RUP. Using their estimates, we found arylsulfatase activity to be positively correlated
(r=0.94, P=0.06) with ester sulfate inputs, suggesting that the differences in enzyme
activity were directly related to the quantity of substrate contained in the organic
amendments and wheat straw incorporation.36
Enzymes as indicators of soil quality
Soil quality was defined by Doran and Parkin (1994) as follows: "The capacity
of a soil to function within ecosystem boundaries to sustain biological productivity,
maintain environmental quality, and promote plant and animal health." Soil enzymes
have been suggested as potential indicators of soil quality because of their relationship
to soil biology, ease of measurement, and rapid response to changes in soil management
(Dick, 1994). Such an index would integrate chemical, physical, and biological
parameters and be used to monitor the effects of soil management on long-term
productivity. To date, the approach has been to make a judgment as to what
management practices promote sustainable biological productivity, measure enzyme
activities, and then determine which enzymes reflect those management systems
believed to promote soil quality. In particular, systems that increase C inputs and
decrease tillage have been examined.
Enzymes may respond to changes in soil management more quickly than other
soil parameters and therefore might be useful as early indicators of biological changes.
In a previous study at the VRP, data show that 2 y after initiation of the cover crops, 13-
glucosidase activity had increased significantly whereas total C remained unchanged
(Dick, 1994). Data collected from the RUP (Fig. 3.1) show that FDA hydrolysis is
highly correlated to total C (r=0.96, P=0.01) and statistical analysis shows the same
means separations for both assays. FDA hydrolysis and total C data from the VRP (Fig.
3.2) also are significantly correlated (r=0.69, P=0.01) but do not show the same means
separation. It is possible that the enzyme activity at the VRP has responded more rapidly25
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Fig 3.1. Total C and FDA hydrolysis at the RUP, Fall 1994 sampling. Treatments withthe same letters are not
significantly different (P<0.05). Upper case letters apply to total C and lowercase letters to FDA hydrolysis.25
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than total C to the field treatments, and that in time C will become more closely
correlated with FDA hydrolysis, as seen at the RUP.
Because the action of B-glucosidase releases important energy sources for
microorganisms and FDA hydrolysis measures a broad range of catalytic activity
(Guilbaut and Kramer, 1964; Rotman and Papermaster, 1966), they are logical enzymes
to be included in a soil quality index. At the VRP, B-glucosidase activity in the winter
fallow treatment is consistent through time and is always lower than in the cover crop
treatments. B-Glucosidase activity was expected to be higher in the fescue than the
winter fallow because of the lack of tillage in the fescue. There was, however, no
statistical difference between these two treatments. Furthermore, there also was not the
expected significant difference in B-glucosidase activity between the N90 and MAN
treatments at the RUP.
FDA hydrolysis in the fescue and legume plots at the VRP was significantly
higher than in the winter fallow treatment, but there was no significant difference
between the cereal and winter fallow treatments. FDA hydrolysis in the two organically
amended soils at the RUP (MAN and PV) was not significantly greater than in the N90
treatment.
Seasonal fluctuations are a potential difficulty of using biological measurements
as part of an index. Collins et al. (1992)found in four field treatments, three in wheat
rotations and one in grass pasture, that microbial biomass C increased from the
November to February sampling, and decreased by the May sampling. Data from the
same plots show cumulative counts of total bacteria,Pseudomonas, and fungi on40
average increased 54-fold from November to February and decreased by May. Data
collected previously from the VRP (Kauffman, 1994) show that B-glucosidase activity
increased from September to January, but by June had decreased to levels below those
from September. Our data from the VRP (Table 3.10) show inconsistent trends. 13-
Glucosidase activity in the winter fallow plots was nearly the same at all three sampling
dates, whereas FDA hydrolysis in those plots changed significantly between Fall 1995
and Spring 1996 samplings. In the legume treatment, B-glucosidase activity changed
significantly between seasons, while FDA hydrolysis did not. Both enzymes show
fluctuating means separations between seasons in the cereal and winter fallow
treatments. A focus of subsequent research should be monitoring enzyme activity over
time and determining the extent to which activity changes in the absence of altered
management practices.
Overall, we did see trends in enzyme activities that agreed with our predictions.
At the VRP, the two cover crop treatments were always statistically the same or higher
in enzyme activity than the winter fallow plots. At the RUP, all ten enzymes showed
the highest activity in the PAS treatment. Although the difference was not always
significant, all ten enzyme activities were higher in the organic than inorganic
treatments. Our ability to detect these differences using air-dried samples shows the
potential of air-dried soils to be used as part of a soil quality analysis.
Although enzymes undoubtedly perform a function critical to the cycling of
nutrients in the soil, the role these assays can play in determining the health of an
ecosystem is less clear. Their usefulness may be restricted to monitoring changes in a41
Table 3.10. Seasonal comparisons of B-glucosidase activityand FDA
hydrolysis
Winter Treatment
Legume Cereal Fallow
B-Glucosidaset
Fall 1994 80.7 a*A§ 79.9 a A 53.4 b A
Fall 1995 64.9 a B 56.5 a B 52.5 a A
Spring 1996 73.3 a B 64.8 b B 51.9 b A
FDA
Fall 1994 33.4 a A 32.9 ab A 30.0 b A
Fall 1995 25.1 a A 23.4 aB 27.2 a A
Spring 1996 28.6 a A 30.1 a AB 18.5 b B
t Units of activity same as in Table 5.
t Values within a row followed by different lower caseletters are
significantly different at the 0.05 probability level.
§ For each enzyme, values within a columnfollowed by different
upper case letters are significantlydifferent at the 0.05 probability
level.
soil through time. This would eliminate problems such asseasonal changes and
inherent differences in activity and take advantage ofthe potential of enzyme activities
to be early indicators of management-inducedchanges in the soil.42
LITERATURE CITED
Allison, M.F. (1990) Deaminase activity in arable soils. Plant and Soil126, 109-113.
Angers, D.A., N. Bissonnette, A. Legere, and N. Samson. (1993) Microbialand
biochemical changes induced by rotation and tillage in a soil under barleyproduction.
Canadian Journal of Soil Science 73, 39-50.
Ball, D., S. Albrecht., C. Brehaut, R. Rickman, and S. Waldman.(1994) Columbia
Basin Agricultural Research Annual Report. Special Report933. Agricultural
Experiment Station. Oregon State University in cooperationwith Agricultural
Research Service. USDA.
Bolton, H., Jr., L.F. Elliott, R.I. Papendick, and D.F. Bezdicek.(1985) Soil microbial
biomass and selected soil enzyme activities: effect offertilization and cropping
practices. Soil Biology & Biochemistry 17, 297-302.
Bopaiah, B.M. and H.S. Shetty. (1991) Soil microflora andbiological activities in the
rhizospheres and root regions of coconut-based multistoreyed croppingand coconut
monocropping systems. Soil Biology & Biochemistry 23, 89-94.
Boyd, S.A., and M.M. Mort land. (1990) Enzyme interactionswith clays and clay-
organic matter complexes. In J.M. Bollag and G. Stotzky (Eds.)Soil Biochemistry.
6:1-28.
Bremner, J.M. and C.S. Mulvaney. (1982) Nitrogen total. InMethods of soil analysis,
Part 2, Chemical and microbiological properties, Agronomy9. (A.L. Page et al.,
editors) pp. 595-624. American Society of Agronomy,Madison, WI.
Burket, J.Z., D.D. Hemphill, and R.P. Dick. (1997) Winter cover cropsand nitrogen
management in sweet corn and broccolirotations. Hort Science. In press.
Burns, R.G. (1978) History of Abiontic Soil EnzymeResearch. In Soil Enzymes (R.G.
Burns. Ed.), pp. 1-33. Academic Press. London.
Castellano, S.D., and R.P. Dick. (1988) Distribution of sulfurfractions in soil as
influenced by management of organic residues. Soil ScienceSociety of America
Journal 52, 1403-1407.
Collins, H.P., P.E. Rasmussen, and C.L. Douglas, Jr. (1992)Crop rotation and residue
management effects on soil carbon and microbialdynamics. Soil Science Society of
America Journal 56, 783-788.43
Dick, R.P., P.E. Rasmussen, and E.A. Kerle. (1988)Influence of long-term residue
management on soil enzyme activities in relation tosoil chemical properties of a wheat-
fallow system. Biology and Fertility of Soils 6, 159-164.
Dick, R. P. (1994) Soil Enzyme Activities as Indicators of SoilQuality. In Defining Soil
Quality for a Sustainable Environment. (J.W. Doran, D.C.Coleman, D.F. Bezdicek,
and B.A. Stewart, Eds.), pp. 107-124. Soil ScienceSociety of America, Madison,
WI.
Dick, W. A. (1984) Influence of long-term tillage and croprotation combinations on soil
enzyme activities. Soil ScienceSociety of America Journal 48, 569-574.
Doran, J. W. (1980) Soil microbial and biochemical changesassociated with reduced
tillage. Soil Science Society of America Journal 44, 765-771.
Doran, J.W. and T.B. Parkin. (1994) Defining andAssessing Soil Quality. In Defining
Soil Quality for a Sustainable Environment. (J.W. Doran,D.C. Coleman, D.F.
Bezdicek, and B.A. Stewart, Eds.) pp. 3-21. Soil ScienceSociety of America,
Madison, WI.
Eivazi, F. and M.A. Tabatabai. (1990) Factors affectingglucosidase and galactosidase
activities in soils. Soil Biology & Biochemistry 22, 891-897.
Gander, L.K., C.W. Hendricks, and J.D. Doyle. (1994)Interferences, limitations, and an
improvement in the extraction and assessment of cellulase activityin soil. Soil Biology
& Biochemistry 26, 65-73.
Goyal, S., M.M. Mishra, S.S. Dhankar, K.K. Kapoor,and R. Batra. (1993) Microbial
biomass turnover and enzyme activities following the applicationof farmyard manure
to field soils with and without previouslong-term applications. Biology and Fertility
of Soils 15, 60-64.
Guilbaut, G.G., and D.N. Kramer. (1964) Fluorometricdetermination of lipase,
acrylase, alpha- and gama-chymotrypsin and inhibitors of these enzymes.Analytical
Chemistry 36, 409-412.
Gupta, V.V.S.R. and J.J. Germida. (1988) Distribution ofmicrobial biomass and its
activity in different soil aggregate size classes as affected bycultivation. Soil Biology
& Biochemistry 20, 777-786.
Haberern, J. (1992) Viewpoint: a soil health index. Journalof Soil and Water
Conservation 47, 6.44
Jenkinson, D.S. and D.S. Powlson. (1976) The effect of biocidal treatments on
metabolism in soil-V. A method for measuring soil biomass. Soil Biology &
Biochemistry 8, 209-213.
Kauffman, S.M. (1994) Inorganic Nitrogen and Soil Biological Dynamics in Cover
Crop Systems. MS. thesis. Oregon State Univ., Corvallis.
Killham, K., and M.A. Rashid. (1986) Assay of activity of a soil deaminase. Plantand
Soil 92, 15-21.
Klein, T.M. and J.S. Koths. (1980) Urease, protease, and phosphatasein soil
continuously cropped to corn by conventional or no-tillage methods. Soil Biology&
Biochemistry 12, 293-294.
Ladd, J.N. (1978) Origin and range of enzymes in soil. In Soil Enzymes(R.G. Burns,
Ed.), pp. 51-96. Academic Press, London, New York, and San Francisco.
Martens, D.A., J.B. Johanson, and W.T. Frankenberger, Jr. (1992)Production and
persistence of soil enzymes with repeated additions of organic residues. SoilScience,
153:53-61.
Nannipieri, P., L. Muccini, and C. Ciardi. (1983) Microbial biomassand enzyme
activities: production and persistence. Soil Biology & Biochemistry 15,679-685.
Oveson, M.M. (1966) Conservation of soil N in a wheat fallowfarming practice.
Agronomy Journal 58, 444-447.
Pancholy, S.K., and E.L. Rice. (1973a) Carbohydrases in soil as affected by
successional stages of revegetation. Soil Science Society of America Proceedings37,
227-229.
Pancholy, S.K., and E.L. Rice. (1973b) Soil enzymes in relation to oldfield succession:
amylase, cellulase, invertase, dehydrogenase, and urease. SoilScience Society of
America Proceedings 37, 47-50.
Papendick, R.I., and J.F. Parr. (1992) Soil quality--the key to a sustainableagriculture.
American Journal of Alternative Agriculture 7, 2-3.
Paulson, K.N., and L.T. Kurtz. (1969) Locus of urease activity in soil. SoilScience
Society of America Proceedings 33, 897-901.
Rasmussen, P.E., R.R. Allmaras, C.R. Rohde, and N.C. Roager. (1980) Cropresidue
influences on soil carbon and nitrogen in a wheat-fallow system. AgronomyJournal
44, 596-600.45
Rasmussen, RE., H.P. Collins, and R.W. Smiley. (1989) Long-term management
effects on soil productivity and crop yields in semi-arid regions of eastern Oregon.
USDA-ARS Station Bulletin #675.
Rotman, B., and B.W. Papermaster. (1966) Membrane properties of living mammalian
cells as studied by enzymatic hydrolysis of fluoregenic esters. Proceedings of the
National Academy of Science, U.S.A. 55, 134-141.
Schinner, F., and W. von Mersi. (1990) Xylanase-, CM-cellulase- and invertase activity
in soil: an improved method. Soil Biology & Biochemistry 22, 511-515.
Tabatabai, M.A. (1994) Enzymes. In Methods of soil analysis. Part 2. Microbiological
and biochemical properties, No. 5. (Weaver et al. Eds.), pp. 775-833. Soil Science
Society of America, Madison, WI.
Zelles, L., P. Adrian, Q.Y. Bai, K. Stepper, M.V. Adrian, K. Fischer, A. Maier, and A.
Ziegler. (1991) Microbial activity measured in soils stored under different
temperature and humidity conditions. Soil Biology & Biochemistry 23, 955-962.46
Chapter 4. AGGREGATE SIZE DISTRIBUTION AND ENZYME ACTIVITIES IN A
COVER CROP SYSTEM
SUMMARY
Soil aggregation is a key property regulating microbial activity and SOM turnover
(Paul and Clark, 1989). The objectives of this study were to determine theeffects of soil
management on the seasonal dynamics of aggregate sizedistribution. Also, to study the
location and distribution of microbial activity, we measured enzymeactivities in three
field treatments as a function of aggregate size. The summer cropsalternated between
sweet corn and broccoli but had three different wintervegetative management treatments:
(1) cereal rye cover crop (Seca le cereale L. var. Wheeler), (2) legume[cereal rye/Austrian
winter pea mix (Pisium sativum L.) or red clover (Trifolium pratenseL.)} cover crop, and
(3) fallow. Soil was collected in September 1995 and June 1996 fromthe cover crop
rotation experiment established in 1989 at the North Willamette Researchand Extension
Center in Aurora, Oregon. The soil was sieved into five aggregatesize fractions: <0.25,
0.25-0.50, 0.50-1.00, 1.00-2.00, and 2.00-5.00 mm. Aggregate sizedistribution, B-
glucosidase activity, and fluorescein diacetate (FDA) hydrolysis weremeasured in each
size fraction. Cover cropping did not have a significanteffect on aggregate size
distribution. In each treatment, the percentage of microaggregatesdecreased from fall to
spring, balanced by relatively smaller increases in each of thesize classes of
macroaggregates. Cover cropping significantly affectedB-glucosidase activity at both
sampling dates but FDA hydrolysis generally did not show a treatment response.Enzyme
activities generally were highest in the 0.25-0.50 mm size class, withactivity decreasing47
as aggregate size increased. Enzyme activities did not change significantlyin any
aggregate size fraction from the fall to the spring.48
INTRODUCTION
Soil structure is defined as the arrangement of particles and pores in the soil
(Oades, 1993). In order to characterize soil structure, it is necessary to assess the size
distribution of primary particles and the size, shape, and arrangement of the aggregates
they form. The stability and dynamics of these aggregates also must be considered. This
dynamic component is a function of soil biology, as well as physical processes such as
wetting and drying and freezing and thawing cycles.
Jastrow and Miller (1991) outlined the reciprocal relationship between soil biota
and soil structure and aggregation. Soil biota is a key component controlling the
development and stabilization of soil structure, but at the same time soil biota is affected
by the microenvironment created by aggregation. Because soil enzyme activities have
been correlated with microbial properties such as microbial respiration and totalbiomass
(Frankenberger and Dick, 1983), they have the potential to provide insights into microbial
dynamics among aggregate size fractions.
The two enzymes studied were B-glucosidase and FDA hydrolysis. Fungi, which
are important in macroaggregate formation (Guptaand Germida, 1988), are the major
source of B-glucosidase in soils (Hayano andKatami, 1977; Hayano and Tubaki, 1985).
Fluorescein diacetate (FDA) is hydrolyzed by proteases, lipases, and esterases (Guilbaut
and Kramer, 1964; Rotman and Papermaster, 1966). Most fungi and bacteria arecapable
of hydrolyzing FDA (Soderstrom, 1977; Schniirer and Rosswall, 1982). This study was
an examination of soil enzyme activitiesin five aggregate size fractions from three
agricultural field treatments as a means of understanding the relationship between49
microbial activity and soil aggregation. We also studied the seasonal dynamics of
aggregate size distribution and how this was affected by cover cropping.MATERIALS AND METHODS
Soil
50
Soil samples were collected from a vegetable crop rotation experiment initiated in
1989 at the North Willamette Research and Extension Center in western Oregon. The
soil is a Willamette silt loam (Pachic Ultic Argixeroll), the climate is Mediterranean
characterized by cool wet winters and hot dry summers, and the mean annual
precipitation is 1040 mm. The experimental design was a randomized complete block
with four replications. The plots are 18 m X 9 m with cropping system as the main plot
and N rate as the subplot. Samples were taken from the 0 kg N ha-1N rate. Field
treatments included three winter management systems in a vegetable crop rotation that
alternates between sweet corn (Zea mays L. cv. Jubilee) and broccoli (Brassica oleracea
L. var italica cv. Gem) (Table 4.1). The three winter treatments are: (1) cereal rye cover
crop (Seca le cereale L. var. Wheeler), (2) red clover (Trifolium pratense L.) cover crop,
and (3) winter fallow. Beginning in 1995 cereal rye was replaced with Celia triticale (X
Triticosecale Wittmack).
In Fall 1995 and Spring 1996, 20 soil samples were collected to a depth of 20 cm,
composited, and a sample kept for analyses. The Fall samples were taken using a shovel
because the soil was too dry to use the 2.5 cm core used in the Spring. Before sieving,
samples were dried at 4°C until reaching a gravimetric water content of 0.05 to 0.10 kg
kg-1. The subsamples were placed in the top of a nest of sieves and sieved for three
minutes with a Tyler Ro-Tap Sieve Shaker (Lake Bluff, IL) into the following size51
fractions: <0.25, 0.25-0.50, 0.50-1.00, 1.00-2.00, and 2.00-5.00 mm. All samples were
stored at 4°C.
Table 4.1. Crop Rotations at the VRP
Winter
YearSeasonFallow
1989Fall Fallow
1990SpringCorn
Fall Fallow
1991SpringBroccoli
Fall Wheat
1992SpringWheat
Fall Fallow
1993SpringBroccoli
Fall Fallow
1994SpringCorn
Fall Fallow
1995SpringBroccoli
Fall Fallow
1996SpringCorn
Fall Fallow
Relay
Cereal
Rye
Corn
Rye
Broccoli
Rye
Corn
Rye
Broccoli
Rye
Corn
Rye
Broccoli
Celia Triticale
Corn
Celia Triticale
Cover Crop
Legume
Red Clover
Corn
Red Clover
Broccoli
Red Clover
Corn
Red Clover
Broccoli
Red Clover
Corn
Red Clover
Broccoli
Red Clover
Corn
Red Clover
Enzyme Assays
Fluorescein diacetate (FDA) hydrolysis was determined by a modified version of
the procedure described by Zelles et al. (1991), described in Chapter 3. B-Glucosidase
activity was determined by the method described by Tabatabai (1994) except that toluene
was omitted. Results of enzyme activities are reported on an oven-dry-weight basis,
determined by drying the soils for 24 h at 105°C. Three analytical replicates were used
per sample.52
Statistical Analysis
For the enzyme data, appropriate covariance structure with the repeated measure
term (aggregate size) was determined using a test of sphericity. The Huynh-Feldt
condition was then assumed and the experiment modeled as a split plot design. Main
effect means were separated using LSD at the P=0.05 level. Data were analyzed using
SAS statistical software package (SAS Institute, Cary, N.C.).53
RESULTS
Treatment effects
There were no significant treatment effects on aggregate sizedistribution in the
September 1995 sampling (Fig. 4.1). In the June 1996 sampling(Fig. 4.1), the only
significant treatment effect on aggregate size distribution wasin the 1.00-2.00 mm size
class. In this size class, the winter fallow and cereal treatmentshad a statistically higher
percentage of aggregates than the legume treatment.
A comparison of treatment effects in each sizeclass shows B-glucosidase in the
September sampling highest in the legume plots(Fig. 4.2). This difference is significant
in the <0.25, 0.50-1.00, and 1.00-2.00 mm sizefractions. Although statistically not
significant (P<0.05), activity was intermediate in thecereal plots, and lowest in the fallow
plots. In this sampling, FDA hydrolysis also washighest in the legume treatment (Fig.
4.3). This difference was significant in the 0.25-0.50size fraction. Unlike B-glucosidase,
FDA hydrolysis was intermediate in the fallow andlowest in the cereal treatment.
However, this difference was not statistically significant.
Treatment effects on B-glucosidase activity in the Junesampling (Fig. 4.2) were
similar to those from September. In each size fraction,activity was always highest in the
legume treatment, followed by the cereal and thenthe fallow. The two cover crop
treatments were in every case higher thanthe fallow. The only significant treatment
effect on FDA hydrolysis in the spring sampling wasin the 2.00-5.00 mm size fraction
where hydrolysis was significantly higher inthe legume treatment (Fig. 4.3). Unlike the40
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September sampling when hydrolysis was consistently lowest in the cereal treatment,
there were no consistent treatment effects between the size fractions.
Enzyme activities as a function of aggregate size
In the September sampling, B-glucosidase activity in all three field treatments was
highest in the 0.25-0.50 mm size fraction (Fig. 4.4). Activity generally decreasedwith
increasing aggregate size. FDA hydrolysis showed trends similar to B-glucosidase
activity in the September sampling (Fig. 4.4). Hydrolysis was always highest in the0.25-
0.50 mm size fraction and progressively decreased with increasing aggregatesize.
B-Glucosidase activity was also highest in the 0.25-0.50 mm size fraction in the
June sampling (Fig. 4.5). This difference was significant in the legume treatment.
Activity was always lowest in the <0.25 mm size fraction. FDAhydrolysis in the three
field treatments from the June sampling did not show the consistenttrends seen in the
September sampling (Fig. 4.5). In the fallow and legume treatments,hydrolysis was
again highest in the 0.25-0.50 mm size fraction, but there was notthe same decrease in
hydrolysis with increasing size.
Seasonal dynamics
The percent aggregate distribution is shown for the two seasons forthe three field
treatments (Fig. 4.6). In each treatment, percentages ofmicroaggregates decreased from
fall to spring, and percentages of macroaggregates in each sizefraction increased from the58
fall to spring. The large fluctuations in the microaggregate size class were balanced by
relatively smaller changes in each of the size classes of macroaggregates.
Enzyme activities did not change significantly in any aggregate size fractionfrom
the fall to the spring (Figs. 4.7 and 4.8).100
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DISCUSSION
Response of aggregate size distribution to field treatments
Aggregate size distribution showed no response to cover crop treatments. This
suggests that the increased root activity or C inputs provided by an additional crop during
the year had no measurable effects on aggregation. In this system, size distribution
appears to be more an inherent quality of the soil, specific to the mineralogy and
environmental conditions. In a previous study at the same site, Miller and Dick (1995)
reported a red clover seed crop/vegetable crop rotation compared to the winter
fallow/vegetable crop rotation showed a significant increase in macroaggregation. In this
case, the presence of a legume for long periods (one and a half years) between vegetable
crops appears to be more effective at promoting aggregation than annual winter cover
crop systems.
The lack of cropping effects is consistent with other studies that have shown
tillage to have a greater effect on aggregate distribution than cropping pattern. Gupta and
Germida (1988) found decreased macroaggregation in cultivated soils. Angers et al.
(1993) found that a cropping pattern incorporating red clover every three years compared
to continuous barley had no significant effect on mean-weight diameter (MWD) of
aggregates. Tillage practice in that study, however, was found to have a significant effect
on aggregate stabilization and size distribution. No-tillage compared to chisel or
moldboard plowing increased water-stable aggregation, and the no-tillage treatment
increased the percentage of aggregates in the 2-6 mm fraction by 50% over the two tillage65
treatments. Zobeck and Popham (1990) also reported differenttillage implements to have
a significant effect on aggregate size distribution.
Seasonal changes in aggregate size distribution
There was an increase in macroaggregates in the spring sampling compared to the
fall. As mentioned above, several studies have indicated changes in aggregatesize
distribution to be a function of tillage rather than cropping practice. In this study's
cropping system, the winter months represent the longest period withouttillage. After the
cover crops are planted in the fall, there is nomachinery traffic until the cover crops are
incorporated in the spring. Typically, the cover crop plots are disked three to five times
in April, moldboard plowed, and then a seed bed is prepared using a culti-mulcher.In
years that broccoli is the summer crop,pesticides are rototilled into the soil before direct-
seed planting. During the growing season, broccoli is cultivated several times tocontrol
weeds. Our fall sampling was taken after the broccoli harvest, followingapproximately
five months of regular cultivation. The spring sample was taken in June,after the corn
plants had germinated. Although the cover crops recently had beenincorporated, this was
after the idle winter months that may have been a period of macroaggregateregeneration.
If the seasonally dynamic nature of aggregate size distribution is in part afunction of
tillage, then our data suggest that increased tillage does decrease macroaggregation.
Perfect et al. (1990) found that structural stability, as measured bydispersible clay
and wet aggregate stability, decreased over the summer months in legume, grass,and corn
cropping systems. They also reported that for samples taken over the growing season,66
gravimetric water content at the time of sampling was the key variable affecting wet
aggregate stability. Structural stability was reported to decrease with increasing water
content. Our soils were at 0.13 and 0.17 kg kg water content in the September 1995 and
June 1996 samplings, respectively. Before sieving, the samples were allowed to dry at
4°C until reaching a water content of 0.05 to 0.10 kg kg
1.It is possible that differences
in the water content at the time of sampling contributed to the changes in aggregate
stability and therefore aggregate size distribution. Aggregate stability would be expected
to change with water content as surface and cohesive tensions are primary forces holding
particles together in moist soils. However, data from Mendes (1997) show that soils
sampled at the same water content in both the spring and the fall still showed seasonal
changes in aggregate size distribution.
Enzyme activities as a function of aggregate size
Aggregate distribution shifted seasonally, but in no size fraction was there a
significant change in enzyme activities from fall to spring. Both enzymes consistently
showed peak activity in the 0.25-0.50 mm size fraction (Figs. 4.4 and 4.5), particularly B-
glucosidase. This size fraction was, by weight, the smallest (Fig. 4.1), but of the
macroaggregates (>0.25 mm), this one had the greatest relative change between seasons,
making it a very active fraction of the soil. This agrees with the results of Degens et al.
(1994) who found this fraction to be proportionately small, but highest in organic C,
carbohydrate C, hyphal length, and microbial-biomass C. They suggested that these high
values were due to the aggregates being formed around fragments of organic matter. The67
formation of aggregates around organic cores was also observed by Foster (1994) who
reported the cores of microaggregates to consist of amorphous polysaccharide gels or
plant cell wall debris.
Gupta and Germida (1988), in their examination of native and cultivated soils,
also found biological measurements to be high in the 0.25-0.50 mm sizeclass. In the
cultivated soil, biovolume and hyphal length peaked in the 0.25-0.50 mmsize class. The
native soil also had hyphal length peaking in the 0.25-0.50 mmsize class. Biovolume
was high in the 0.25-0.50 mm sizeclass, but slightly higher in the 0.50-1.00 mm size
class.
The hierarchical organization of soil aggregate structure (Tisdalland Oades, 1982;
Oades and Waters, 1991), and the subsequent protectionthat this structure provides is
thought to be a major factor affecting organic matter turnoverin soil. Our enzyme data
along with microbial biomass and microbial activity measurementsfrom other studies,
suggest that this small aggregate size class,0.25-0.50 mm, is a very active one. One
explanation for this activity may be increased substrateavailability. The organic matter
in this size class may be less protected, stimulating microbialactivity and the synthesis of
enzymes. Most soil organisms are onthe outside of aggregates (Paul and Clark, 1989)
making these small aggregates, with a high surfacearea-to-volume ratio, a potentially
active size class. If surface area were the major factoraffecting the differences in activity
between size classes, we would expect to see the highestactivity in the <0.25 mm class.
The presence of sands and silts in this class, which are notnecessarily capable of
adsorbing and stabilizing enzymes, may lower activity. Large aggregatesalso may68
restrict gas diffusion and be slower to dry out, causing longer periods of anaerobic
conditions and decreased microbial activity.
13- Glucosidase activity responded significantly to the cover crop treatments (Fig.
4.2).In the fall, activity in the legume treatment was higher than in the other two
treatments, but between the fall and spring sampling dates, the activity inthe cereal
treatment also became significantly greater than the winterfallow. This corresponded to
the period of time when the cover crop material was added to the soil. The increased
level of 8-glucosidase activity could be the result of increased synthesis of the enzyme as
a response to added substrate, increasedlevels of microbial activity stimulated by the
addition of the organic matter (Martens et al. 1992), or direct addition of the enzyme as
part of the legume material (Nannipieri et a/. 1983, Martens etal. 1992). The higher level
of 13-glucosidase activity in the fall sampling suggests that microbial activityis stimulated
for several months after the cover crop is incorporated or that these enzymesbecome
stabilized for long periods in the soil.
In both the spring and fall, FDA hydrolysis in most aggregate size fractions was
not significantly affected by the cover crop treatments. Thelack of significant differences
in the spring sampling suggests that the cover crop residue was not contributing
proteases, lipases, and esterases capable of hydrolyzing FDA.The fact that significant
differences were not detected in both enzymes suggests that any treatment induced
increases in activity from enzyme stabilization does not occur in a manner common toall
enzymes.69
This study demonstrated that enzymes are not homogeneously distributed
throughout the soil. In both the fall and spring seasons, B-Glucosidase activity and FDA
hydrolysis were found to be the greatest in the 0.25-0.50 mm size fraction, which was by
weight only a small portion of the total soil. This trend was seen even though the
distribution of aggregates shifted between seasons. Treatment effects onB-glucosidase
activity were consistent in all aggregate size fractions, except in the 2.00-5.00 mm
fraction where there was no significant treatment effect.70
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Chapter 5. DEVELOPMENT AND EVALUATION OF AMETHOD TO
THERMALLY STRESS SOIL ENZYMES
SUMMARY
Our objective was to develop a method to thermally stresssoil enzymes to
determine the effects of organic amendments and covercropping on enzyme stability.
Soils sampled from two agricultural research sites wereincubated at high temperatures
for two hours prior to performing enzyme assays. Theseactivities were compared to the
activity in the same soils which had not been exposed to thehigh temperatures. Thermal
stability was expressed as the percentage change in enzymeactivity following high
temperature incubation. The first site was theResidue Utilization Plots (RUP) at the
Columbia Basin Agricultural Research Center, Pendleton,Oregon. Since 1931, winter
wheat has been grown in rotation with summer fallow.The residue treatments used were:
(1) straw plus 90 kg Nha-1, and (2) straw plus manure. The three treatments at the second
site, the Vegetable Cover Crop/Crop Rotation Plots(VRP) at the North Willamette
Research and Extension Center, were established in 1989.The crop rotation alternates
between sweet corn and broccoli and includes three wintervegetative management
treatments: (1) cereal rye cover crop (Seca lecereale L. var. Wheeler), (2) red clover
(Trifolium pratense L.) cover crop, and (3) fallow. Twomethods of high temperature
incubation were used. The first, used on soils from the RUP, was an ovenset at 75°, and
the second, used on soils from the VRP, was a waterbath at 80°C. Activities of the
following ten enzymes were measured on samples form the RUP: a-and B-glucosidase,
a- and B-galactosidase, amidase,arylsulfatase, deaminase, fluorescein diacetate73
hydrolysis (FDA), invertase, and urease. Samples from the VRP were sieved into five
aggregate size fractions: <0.25, 0.25-0.50, 0.50-1.00, 1.00-2.00, and 2.00-5.00 mm and
analyzed for B-glucosidase and amidase activity and FDA hydrolysis. We hypothesized
that the increased organic inputs would increase enzyme stabilization on soil colloids, as
measured by resistance to thermal stress. Our results did not support this hypothesis.
Because of the high variability associated with our methods, it is unknown whether or not
high temperature incubations can be used to accurately compare enzyme stabilization
between soils.74
INTRODUCTION
Soil enzymes are primarily of microbial origin (Ladd, 1978), and can exist both
within a live cell or become complexed extracellularly in the soil matrix.Extracellular
enzymes are those originally synthesizedfor catalysis on the surface of or within a living
cell which are subsequently leaked into soil solution and thoseactively excreted by living
cells (Burns, 1982). Soil enzymes can be stabilized in twolocations: adsorbed to internal
or external clay surfaces, andcomplexed with humic colloids through adsorption,
entrapment, or copolymerization (Boyd and Mortland, 1990). Previous work has shown
that enzymes introduced into a soil become stabilized andacquire a higher thermal
stability than enzymes in pure solution (Zvyagintsev, et al., 1987).Our objective was to
develop a method of thermally stressing soil enzymes todetermine the effects of organic
amendments and cover cropping on enzyme stability. Wehypothesized that soils with
higher organic inputs would have greater stability, as measuredby resistance to thermal
stress.MATERIALS AND METHODS
Soil
75
Soil was collected from the Vegetable Cover Crop/Crop Rotation Plots (VRP) at
the North Willamette Research and Extension Center, Aurora, Oregon and from the
Residue Utilization Plots (RUP) (N90 and MAN treatments), at the Columbia Basin
Research Center, Pendleton, Oregon. These experimental sites and the sampling method
are described in Chapter 3. Samples were takenin spring 1994 at the RUP and fall 1995
at the VRP. Soil from the VRP was sieved into the followingsize fractions: <0.25, 0.25-
0.50, 0.50-1.00, 1.00-2.00, and 2.00-5.00 mm, as described in Chapter 4.
Incubation Procedures
Initial incubation experiments followed the method described by Miller and Dick
(1995). Prior to performing enzyme assays, soils were incubated in stopperedErlenmeyer
flasks (50-mL for amidase and 13-glucosidase and 125-mL for FDA hydrolysis) at75°C or
25°C for 2 h. After 2 h, the flasks were removed from the oven and allowed to coolfor
15 min before the enzyme assays were begun.
The second method of incubation used an 80°C water bath. Soils wereplaced in
scintillation vials, secured in a rack, and placed in the water bath for 2 h. After removal,
they were immediately plunged into an ice bath for 15 min. Following cooling,soils
were transferred to Erlenmeyer flasks forthe enzyme assays.76
Enzyme Assays
The following enzyme assays followed the methods described in Chapter 3: a-
galactosidase, a-glucosidase, B-galactosidase, B-glucosidase, amidase,arylsulfatase,
deaminase, FDA hydrolysis, invertase, and urease. Results of enzymeactivities are
reported on an oven-dry-weight basis, determined by drying thesoils for 24 h at 105°C.
Three analytical replicates were used per sample.77
RESULTS AND DISCUSSION
Enzyme activities measured after using the 75°C oven methodyielded low
coefficients of variability, but with poor reproducibility from oneexperiment to the next.
Table 5.1 shows an example of three 13-glucosidase assaysobtained from repeating the
oven technique of incubation.Although13-glucosidase activity in the MAN soil remained
fairly consistent, activity in the N90 soil differed by as much as38% between assays.
Table 5.1. Results of three heat stress preincubations(2 h, 75°C oven) on B-glucosidase
activity in air-dried soils. Assays were performed on the same twosoils from the RUP
Run #
Field treatment
N90 MAN
pg(p3-.niltr) ophenol (PNP) g-1 soil III
1
2
3
55.4
34.6
44.7
(7.55)
(4.55)
52.6
52.0
60.1
(2.35)
(13.0)
(8.67)
t Numbers in parentheses are CV'scalculated from three analytical replicates.
Based on earlier work by Miller and Dick (1995), wehypothesized that, because
of increased organic inputs, there would be increasedprotection in the MAN over the N90
treatment and therefore greater thermalstability. Thermal stability was expressed as the
percentage change in enzyme activityfollowing oven incubation. We did not consistently
observe this in any of the enzymes (Table 5.1). Additional assaysperformed after those
shown in Table 5.2 did not yield the same results. In many cases,the first assays showed
a higher percentage decreasein the MAN than the Ng() soils, whereas subsequent assays
showed the opposite.78
Table 5.2. Comparison of enzyme activities in air-dried soils before and after oven
incubation (2 h 75°C)
N9,0
Enzyme Original
activity
a-Galactosidaset 8.48
a-Glucosidaset 9.04
B-Galactosidaset 8.69
B-Glucosidaset 55.4
Amidase§ 134
Arylsulfataset 12.4
Deaminase% 458
FDA# 16.8
Invertasett 833
Urease§ 12.2
Thermal
stress
6.71
6.19
7.75
48.9
73.2
13.4
414
10.6
616
8.54
%
change
21
- 32
- 11
-14
- 45
+8
- 10
-37
26
30
Original
activity
12.0
13.3
10.7
68.5
204
32.1
447
24.8
1260
26.8
t The units of activity are reported as pg p-nitrophenol released g
§ pg NH4+ released gl soil 11-1
11 lig 1,2 diamino-4-nitrobenzene deaminatedg-1 soil 1811-1
# pg fluorescein released g-1 soil h'1
tt pg glucose released g-1 soil 3 111
MAN
Thermal %
stresschange
8.65-28
8.48 -37
8.44-21
52.6 -23
150 -26
28.9 -10
459 +2
18.8 -24
1090 -14
28.0 4
1soil h-1
Oven incubations were also tried on field-moist soils from the same plots (Table
5.3). This generally resulted in almost total enzyme denaturation. The exception to this
was the activity of deaminase, which decreasedonly slightly following the thermal stress
(5% and 11% in the N90 and MAN soils, respectively). It is possible that a lower
incubation temperature or shorter incubation times would improve this procedure.
However, when field-moist samples are used, differences in soil water contentcomplicate
the effects of the incubation due to varying pressures in the incubationflasks.
Using whole soil and aggregates from the winter fallow, cereal, and legume
treatments at the VRP, we attempted to improve the incubation methodby using an 80°C79
water bath. This method neither decreased variability norimproved reproducibility (Table
5.4). Following the water bath incubation, three B-glucosidase assays onthe same soil
sample yielded CVs of up to 50%, and activity measurementsdiffering by up to 74%
(<0.25 mm size fraction). 13-Glucosidase and amidaseactivities and FDA hydrolysis were
measured on winter fallow, cereal and legume treatment soilstaken from the same field
block, with and without the 2 h heat stress (Tables 5.5-7).Thermal stability was
expressed as the percentage change in enzyme activityfollowing oven incubation. Table
5.5 shows the contrast between the low CVs obtainedin standard B-glucosidase assays
(generally <10) and those obtained when the soil is heat stressedprior to the assay.
Thermal stability of B-glucosidase was not consistently greaterin any treatment.
Table 5.3. Comparison of enzyme activities in field-moistsoils before and after oven
incubation (2 h 75°C)
Enzyme
N90 MAN
Original
activity
Thermal
stress
%
change
Original
activity
Thermal
stress
%
change
a-Galactosidaset 11.7 0 -100 12.4 0 -100
a-Glucosidaset 9.20 0.31 -97 12.9 3.66-72
B-Galactosidaset 12.1 0.53 -96 11.7 0.55-95
13-Glucosidaset 55.7 4.35 -92 81.6 10.5 -87
Amidase§ 139 0 -100 212 6.28-97
Arylsulfataset 13.8 0 -100 32.4 1.85-94
Deaminase II 474 448 -5 510 452 -11
FDA# 25.3 2.03 -92 32.6 1.95-94
Invertaset t 837 119 -86 1560 280 -82
Urease§ 14.3 4.07 -72 22.2 4.17-81
t The units of activity are reported as pg p-nitrophenolreleased g-1 soil ill
§ pg NH4+ released g-i soilIII
¶ pg 1,2 diamino-4-nitrobenzene deaminatedg-1 soil 18 If'
# pg fluorescein releasedg-i soil h"1
tt pg glucose releasedg-1 soil 3 h-1Table 5.4. Results of three B-glucosidase heat stress assays using an80°C water bath. Aggregates and whole soil
(air-dried) are from the same cereal treatment plot at the VRP
Aggregate size class (mm)
<0.25 0.25-0.50 0.50-1.00 1.00-2.00 2.00-5.00 Whole soil
lig PNP g-' soil11-'
6.6 (4.6)t7.8 (8.3) 5.0 (5.6) 7.24(20.2) 8.7(15.3) 7.8(13.4)
26.0(49.7)23.0 (53.6)10.3 (8.0) 8.41 (7.0) 18.0(49.9) 16.1(38.9)
8.5(11.7)11.5 (12.3) 10.0 (17.5) 9.34(20.9) 9.1(1.4) 10.0 (7.1)
t Numbers in parentheses are CV'scalculated from three analytical replicates.Table 5.5. Comparison of the response of13-glucosidase activity to heat stress (80°C water bath ) in air-dried soils from
the winter fallow, cereal, and legume treatments of the VRP
Field
TreatmentThermal Stress
Aggregate size class (mm)
whole soil <0.25 0.25-0.500.50-1.00 1.00-2.002.00-5.00
lig PNP g 'soil li'
Winter Original Activity 40.1(2.38) t44.9(2.86)42.4(4.40)41.3(8.55)38.0(2.60)38.7(0.98)
fallow Heat Stressed 21.1(55.4) 15.4(69.6)15.0(70.4)14.7(81.3)9.11(14.3)17.0(78.2)
Percentage Decrease47 66 65 65 83 65
Cereal Original Activity 48.5(3.11) 61.4(9.88)49.1(3.50)46.7(7.53)62.2(29.7)54.1(5.89)
Heat Stressed 26.0(49.7) 23.0(53.6)10.3(8.03)8.41(7.00)18.0(49.9)16.1(38.9)
Percentage Decrease46 63 79 82 71 70
Legume Original Activity 68.4(4.90) 82.4(4.03)70.0(1.49)74.1(8.79)65.0(10.9)72.6(9.30)
Heat Stressed 20.4(9.74) 14.7(27.8)15.8(11.8)16.2(17.7)17.8(14.1)20.8(10.1)
Percentage Decrease70 82 78 78 73 71
t Numbers in parentheses are CV's calculated from three analytical replicates.82
Table 5.6 shows that, following the heat stress, FDA hydrolysis was nearly absent
in the cereal and legume treatment soils. The winter fallow soils showed the greatest
resistance to the heat stress with decreases in activity from 53% to 73%, compared to
93% to 100% in soils under cover crops. These comparisons might be made more
meaningful by either lowering the incubation temperature or decreasing incubation time
so that hydrolysis is not reduced to the point of extinction. These results were opposite to
our expectations based on the work of Miller and Dick (1995). It was also surprising that
FDA hydrolysis would go to extinction because a range of enzymes (proteases, lipases,
and esterases) are capable of catalyzing the hydrolysis reaction.
Amidase activity in the whole soil and all aggregate size fractions from the
legume treatment soils showed the greatest resistance to thermal stress (Table 5.7). The
decrease in activity following heat stress ranged from 43% to 80% in the winter fallow
treatment soils, 58% to 86% in the cereal treatment soils, and 24% to 43% in the legume
treatment soils. The percentage decrease in the whole soil of the fallow treatment is
substantially less than any of the individual aggregate size fractions. This could be a
result of decreased stability caused by the sieving process or because the method produces
inconsistent results.Table 5.6. Comparison of the response of FDA hydrolysis to heat stress (80°C water bath ) in air-driedsoils from the
winter fallow, cereal, and legume treatments of the VRP
Field
TreatmentThermal Stress
Aggregate size class (mm)
soil <0.25 0.25-0.500.50-1.001.00-2.002.00-5.00whole
i.tg PNP g-1 soilhi`
Winter Original Activity 18.1(7.98) t15.4(23.4)12.6(10.4)13.2(15.2)11.8(19.5)12.2(16.8)
fallow Heat Stressed 7.06(23.6) 6.13(28.0)3.43(11.3)6.19(29.5)4.00(8.63)4.47(45.4)
Percentage Decrease61 60 73 53 67 63
Cereal Original Activity 29.90(10.3) 29.8(11.8)22.7(13.0)19.6(28.8)20.5(14.5)19.3(4.66)
Heat Stressed 0.85(44.9) 1.48(31.1)0.19(209)0.04(751)1.18(24.7)1.07(20.6)
Percentage Decrease97 95 99 100 93 95
Legume Original Activity 34.8(8.83) 36.6(20.1)33.3(16.0)26.5(27.2)22.6(22.8)25.9(11.5)
Heat Stressed 0.00 0.93(36.4)0.64(92.6)0.27(128)0.12(198)0.97(75.2)
Percentage Decrease100 98 98 99 100 96
t Numbersin parentheses are CV's calculated from three analytical replicates.Table 5.7. Comparison of the response of amidase activity to heat stress (80°C water bath) in the winter fallow,cereal, and
legume treatments of the VRP
Field
TreatmentThermal Stress
Aggregate size class (nun)
whole soil <0.25 0.25-0.50 0.50-1.00 1.00-2.00 2.00-5.00
lig PNP g- ' soil hit
Winter Original Activity 82.4 (17.9) t93.9(6.31)107.7 (7.61)91.6(19.4)120.5 (5.08)88.8 (30.0)
fallow Heat Stressed 22.3 (25.5) 36.1(18.6)35.71 (16.6)37.2(24.6)23.6 (48.6)50.4 (18.0)
Percentage Decrease73 62 67 59 80 43
Cereal Original Activity 62.9 (12.1) 77.5(5.88)67.5 (5.38)80.0(7.14)61.2 (0.96)86.2 (8.78)
Heat Stressed 8.82 (60.3) 24.4(16.8)24.9 (18.8)28.1(36.2)25.3 (24.3)17.1 (42.8)
Percentage Decrease86 69 63 65 59 80
Legume Original Activity 93.4 (14.7) 108.1 (15.3)129.5 (9.30)113.9 (11.6)131 (7.86)98.3 (25.1)
Heat Stressed 52.4 (34.4) 77.0(17.0)68.6 (21.7)86.2(9.17)86.4 (14.4)60.5 (12.9)
Percentage Decrease44 29 47 24 34 38
t Numbers in parentheses are CV's calculated from three analytical replicates.85
PERSPECTIVES
Our preliminary results suggest that the thermal stability of enzymes does not
respond in a general way to the increased organic inputs supplied by covercropping. We
hypothesized that the increased organic inputs would increase enzymestabilization on
soil colloids, as measured by resistance to thermal stress. Our resultsdid not support this
hypothesis. Because of the high variability associated with our methods, it isunknown
whether or not high temperature incubations can be used to accurately compare enzyme
stabilization between soils. It may be that the organisms that thrive under thedifferent
cropping systems happen to produce heat resistant enzymes and that thethermal stability
of the enzymes is not due to physical protection.86
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Chapter 6. SUMMARY
The first objective of this study was to determine the effects of fertilizer
amendments and crop rotations on soil enzyme activities. We hypothesized that cover
cropping and organic fertilizers would increase enzyme activities over systemswith
reduced C inputs which had winter fallow seasons and inorganicfertilizers. We also
hypothesized that continuous grassland would have higher enzymeactivities than
cultivated fields. A secondary objective was to determine whether effects of management
practices on enzyme activities are detectable using either field-moist orair-dried samples.
Overall, we did see trends in enzyme activities that agreed with ourpredictions.
At the VRP, the two cover crop treatments were alwaysstatistically the same or higher in
enzyme activity than the winter fallowplots. At the RUP, all ten enzymes showed the
highest activity in the PAS treatment. Although the difference was notalways
significant, all ten enzyme activities were higher in the organic thaninorganic treatments.
Our ability to detect these differences using air-dried samplesshows the potential of air-
dried soils to be used as part of a soil quality analysis.
Difficulties associated with using our data as part of a soil qualityindex were
discussed. Although enzymes undoubtedly perform a function critical tothe cycling of
nutrients in the soil, the role that these assays can play in determiningthe health of an
ecosystem is less clear. It may be that their usefulnessis restricted to evaluating the status
of a soil through time. This would eliminate problems such asseasonal changes and
inherent differences in activity and take advantage of thepotential of enzyme activities to88
be early indicators of management-induced changes in the soil. In order to be useful in
this capacity, however, first an understanding must be gained of how and why activity is
altered by different management practices. Without this knowledge, it is unclear what the
extracellular enzyme activity indicates and whether it will respond consistently and
predictably.
The objectives outlined in Chapter 4 were to study the seasonal dynamics of
aggregate size distribution and how this was affected by organicinputs and the resultant
microbial activity stimulated by cover crops. Further, in an attempt to understand the
location and distribution of microbial activity, we measured enzyme activitiesin three
field treatments as a function of aggregate size.
Cover cropping did not have a significant effect on aggregate size distribution.In
each treatment, the percentage of microaggregates decreased from fall tospring, balanced
by relatively smaller increases in each of the size classes of macroaggregates.Cover
cropping significantly affected B-glucosidase activity at both sampling dates butFDA
hydrolysis generally did not show at treatment response. Enzyme activitiesgenerally
were highest in the 0.25-0.50 mm size class,with activity decreasing as aggregate size
increased. Enzyme activities did not change significantly in any aggregatesize fraction
from the fall to the spring.
Our final objective was to develop a method of thermally stressing soil enzymes
to determine the effects of organic amendments and covercropping on enzyme stability.
We hypothesized that soils with higher organic inputs would have greaterstability, as
measured by resistance to thermal stress.89
Although some trends occurred, it was difficult to detect effects of soil
management on enzyme resistance to heat stress. Because of the high variability
associated with our methods, it is unknown whether or not high temperature incubations
can be used to accurately compare enzyme stabilization between soils. Further
investigations of a range of incubation periods and temperatures are needed.90
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